Introduction
During the development of complex multicellular organisms, series of cell fate decisions and morphogenetic movements generate the different tissues and organs of the embryo. A central player in the regulation of these developmental processes is the evolutionarily conserved family of Wnt proteins (Cadigan and Nusse, 1997; Clevers and Nusse, 2012) . Wnt proteins are secreted, lipid-modified glycoproteins that can function as short range signaling molecules, but also as morphogens that form concentration gradients to provide positional information to cells in developing tissues (Zecca et al., 1996) . Wnt proteins trigger a wide variety of responses, ranging from cell fate specification through the activation of specific target genes to the control of cell polarity and migration through pathways that directly modulate the cytoskeleton (Angers and Moon, 2009 ). Once development is complete, Wnt signaling is required for stem cell maintenance and tissue regeneration in vertebrates and deregulation of Wnt signaling, such as through mutation of the negative regulator Apc, is frequently associated with cancer (Clevers and Nusse, 2012).
Canonical and non-canonical Wnt signaling pathways
Studies in Drosophila and vertebrates have shown that Wnt proteins can activate several distinct signaling mechanisms. The pathway that has been studied in most detail is the so-called canonical Wnt pathway, which controls the expression of specific target genes through the effector protein β-catenin (Angers and Moon, 2009; Clevers and Nusse, 2012) (Figure 1 ). In the absence of Wnt signaling, β-catenin is targeted for degradation by a destruction complex that consists of the scaffold protein Axin, the tumor suppressor gene product APC, and the kinases CK1 and GSK3β. Phosphorylation of β-catenin on a conserved sequence within the N-terminus (referred to as a phosphodegron sequence) induces βTrcp-dependent ubiquitylation and proteasomal degradation. Binding of Wnt to the receptors Frizzled and LRP6 leads to inhibition of β-catenin degradation through a mechanism that involves the cytoplasmic protein Dishevelled and recruitment of Axin to LRP6 at the plasma membrane. Next, the stabilized β-catenin translocates to the nucleus, where it interacts with members of the TCF/Lef1 family of HMG-box containing transcription factors to co-activate target gene transcription.
Wnt signaling in C. elegans Other Wnt signaling pathways include, among others, the planar cell polarity (PCP) pathway and the Ror and Ryk dependent pathways (Angers and Moon, 2009; Green et al., 2008; Lawrence et al., 2007) . A common denominator among these different pathways, which are collectively referred to as non-canonical Wnt pathways, is that they act independently of β-catenin.
The PCP pathway controls the polarity of cells in the plane of the epithelial sheet and is required for establishing the orientation of hairs and bristles in Drosophila and for the organization of sensory cells in the vertebrate inner ear (Montcouquiol et al., 2003; Torban et al., 2008; Wu and Mlodzik, 2009 ). In addition, a PCP related pathway is required for the convergence and extension cell movements that drive gastrulation in zebrafish and Xenopus and for neural tube formation in the mouse (Jessen et al., 2002; Torban et al., 2008) . Mechanistically, the PCP pathway involves the asymmetric localization of Frizzled, Dishevelled and the PCP pathway components Prickle and Van Gogh (Vangl) (Lawrence et al., 2007; Wallingford, 2012) .
Ror is a transmembrane tyrosine-kinase that contains a cysteine-rich Wnt binding domain that is similar to the extracellular domain of Frizzled (Xu and Nusse, 1998) . Binding of Wnt to Ror can trigger a variety of responses, ranging from inhibition of canonical Wnt/β-catenin signaling to stimulation of cell motility (Green et al., 2008) . Ryk (also known as Derailed in Drosophila) is also a transmembrane tyrosine kinase, but in this case Wnt binding is mediated through a domain that is similar to the Wnt binding region of the secreted Wnt inhibitor WIF (Lu et al., 2004; Yoshikawa et al., 2003) . Ryk has been shown to function in axon guidance. In addition, signaling through Ryk may modulate canonical Wnt/β-catenin pathway activity. Harris et al., 1996; Jensen et al., 2012; Thorpe et al., 1997) Retromer complex -26, vps-29, vps-35, snx-3 Q, HSN, SC, NP (Coudreuse et al., 2006; Prasad and Clark, 2006; 
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Wnt ligands
Wnt ligands mom-2 EMS, VPC, OAC (Bischoff and Schnabel, 2006; Green et al., 2008; Inoue et al., 2004; Park and Priess, 2003; Rocheleau et al., 1997; Thorpe et al., 1997) lin-44 T, P12, VPC, SC, NP, NSF, OAC (Green et al., 2008; Herman and Horvitz, 1994; Herman et al., 1995; Hilliard and Bargmann, 2006; Inoue et al., 2004; Jiang and Sternberg, 1998; Kirszenblat et al., 2011; Klassen and Shen, 2007; Maro et al., 2009; Prasad and Clark, 2006; Yamamoto et al., 2011) egl-20 Q, SC, HSN, VPC, NP, NSF (Green et al., 2008; Harris et al., 1996; Hilliard and Bargmann, 2006; Hunter et al., 1999; Inoue et al., 2004; Klassen and Shen, 2007; Pan et al., 2006; Prasad and Clark, 2006; Yamamoto et al., 2011) cwn-1 Q, HSN, NP, SC, NSF (Hayashi et al., 2009; Hilliard and Bargmann, 2006; Pan et al., 2006; Prasad and Clark, 2006; Yamamoto et al., 2011; Zinovyeva and Forrester, 2005; Zinovyeva et al., 2008) Wnt signaling in C. elegans
Component
C. elegans ortholog
Reported roles in Wnt signaling References cwn-2 Q, CAN, NP, SC, NSF (Hayashi et al., 2009; Jensen et al., 2012; Kennerdell et al., 2009; Prasad and Clark, 2006; Song et al., 2010; Yamamoto et al., 2011; Zinovyeva and Forrester, 2005; Zinovyeva et al., 2008 )
Wnt receptors
Frizzled mom-5 EMS, Q, SC, OAC, NSF (Pan et al., 2006; Park and Priess, 2003; Park et al., 2004; Rocheleau et al., 1997; Thorpe et al., 1997; Yamamoto et al., 2011; Zinovyeva et al., 2008) lin-17
T, Q, SC, P12, Z, NP, NSF, OAC (Harris et al., 1996; Hilliard and Bargmann, 2006; Jensen et al., 2012; Jiang and Sternberg, 1998; Kirszenblat et al., 2011; Klassen and Shen, 2007; Prasad and Clark, 2006; Siegfried and Kimble, 2002; Sternberg and Horvitz, 1988; Yamamoto et al., 2011; Zinovyeva et al., 2008) mig-1 Q, HSN, SC, NSF (Harris et al., 1996; Kennerdell et al., 2009; Pan et al., 2006; Song et al., 2010) cfz-2 ALM, Q, NSF (Song et al., 2010; Zinovyeva and Forrester, 2005) LRP6/Arrow ?
Ror cam-1 HSN, CAN, NSF, VPC, SC (Forrester et al., 1999; Forrester et al., 2004; Green et al., 2008; Jensen et al., 2012; Song et al., 2010; Kennerdell et al., 2009; Yamamoto et al., 2011; Hayashi et al., 2009) Ryk/Derailed lin-18 VPC, NSF (Inoue et al., 2004; Pan et al., 2006) Jensen et al., 2012; Klassen and Shen, 2007; Sanchez-Alvarez et al., 2011; Song et al., 2010; Walston et al., 2004) dsh-2 EMS, Z, OAC King et al., 2009; Phillips et al., 2007; Walston et al., 2004) GSK3β gsk-3 Q Rocheleau et al., 1997) Axin pry-1 Q, SC, VPC, P12 (Gleason et al., 2002; Whangbo et al., 2000) axl (Bertrand and Hobert, 2009; Kaletta et al., 1997; Meneghini et al., 1999; Rocheleau et al., 1999; Siegfried and Kimble, 2002; Tak1 mom-4 EMS, T, SC, OAC (Bertrand and Hobert, 2009; Meneghini et al., 1999; Shin et al., 1999; Tab1 tap-1 EMS β-catenin bar-1 Q, VPC, P12, NSF (Dreier et al., 2005; Eisenmann et al., 1998; Korswagen et al., 2000; Natarajan et al., 2001) sys-1 EMS, Z, T (Kidd et al., 2005; Phillips et al., 2007; Huang et al., 2007) wrm-1 EMS, Z, T, SC, OAC (Phillips et al., 2007; Rocheleau et al., 1997; Rocheleau et al., 1999; Bertrand and Hobert, 2009; Gleason and Eisenmann, 2010; King et al., 2009) Costa et al., 1998; Korswagen et al., 2000; Natarajan et al., 2001; Putzke and Rothman, 2010; Sumiyoshi et al., 2011) Tcf pop-1 EMS, Q, SC, VPC, T, Z, OAC (Bertrand and Hobert, 2009; Gleason and Eisenmann, 2010; Herman, 2001; Korswagen et al., 2000; Lin et al., 1998; Lin et al., 1995; Rocheleau et al., 1997; Siegfried and Kimble, 2002; Thorpe et al., 1997) Groucho Wnt phenotypes are indicated as EMS polarity (EMS), seam cell polarity (SC), T cell polarity (T), other asymmetric cell divisions (OAC), Q, HSN, CAN or ALM cell migration (Q, HSN, CAN, ALM), vulva induction and P7.p polarity (VPC), P12 fate specification (P12), Z1/4 polarity (Z), nervous system function and development (NSF) and neuronal polarity (NP).
Secreted Wnt inhibitors
Functional diversification of the C. elegans β-catenin orthologs
In Drosophila and vertebrates, β-catenin has a dual function in cell adhesion and Wnt signaling. It binds to the cytoplasmic tail of classical cadherins and α-catenin to anchor the actin cytoskeleton to adherens junctions and interacts with TCF/Lef-1 transcription factors to activate Wnt target gene expression (Cadigan and Nusse, 1997; Clevers and Nusse, 2012) . Interestingly, it was found that these different functions are mediated by four separate β-catenins in C. elegans: BAR-1, WRM-1, SYS-1 and HMP-2 (Robertson and .
The β-catenin that mediates canonical Wnt signaling is BAR-1. It contains a conserved phosphodegron sequence and binds to the Axin orthologs PRY-1 and AXL-1 (Oosterveen et al., 2007) , the APC ortholog APR-1 and GSK-3/GSK3β , indicating that BAR-1 stability is regulated by a conserved destruction complex. BAR-1 also binds to the TCF transcription factor POP-1 and co-activates transcription in reporter gene assays Natarajan et al., 2001 ).
The β-catenins SYS-1 and WRM-1 are part of a divergent canonical Wnt/β-catenin pathway (the Wnt/β-catenin asymmetry pathway) that controls asymmetric cell divisions along the anteroposterior axis (Kidd et al., 2005; Rocheleau et al., 1997) . As discussed in Section 6, this pathway restricts Wnt target gene expression to posterior daughter cells by downregulating nuclear POP-1 and simultaneously upregulating SYS-1 levels. Like β-catenins in Drosophila and vertebrates, SYS-1 binds to POP-1 and co-activates target gene expression (Kidd et al., 2005) . However, the regulation of SYS-1 stability appears to be different from that of BAR-1. Thus, although the asymmetry in SYS-1 levels is dependent on apr-1/APC in the early embryo (Huang et al., 2007) , no role for destruction complex components was found in specifying SYS-1 asymmetry in somatic gonad development Wnt signaling in C. elegans Phillips et al., 2007) . Downregulation of nuclear POP-1 is mediated by WRM-1, which binds to and activates the kinase LIT-1/Nlk to induce nuclear export of POP-1 (Lo et al., 2004; Meneghini et al., 1999; Rocheleau et al., 1999; Shin et al., 1999; Yang et al., 2011) .
The β-catenin HMP-2 interacts with the classical cadherin HMR-1 and with the α-catenin HMP-1 Natarajan et al., 2001 ) and co-localizes with these proteins in adherens junctions (Costa et al., 1998) . Interestingly, BAR-1 and WRM-1 do not interact with HMR-1, while HMP-2 does not bind to POP-1 and PRY-1 Korswagen et al., 2000; Natarajan et al., 2001) , indicating that the function of β-catenin in Wnt signaling and cell adhesion has been divided over separate β-catenins in C. elegans. It should be noted, however, that recent studies suggest that hmp-2 may have an additional function as part of a Fer and Src kinase-dependent pathway that acts in parallel to the Wnt/β-catenin asymmetry pathway in endoderm induction in the early embryo (Putzke and Rothman, 2010; Sumiyoshi et al., 2011) .
Expression of the five Wnt genes during larval development
The expression patterns of the five Wnt genes of C. elegans have been extensively studied using traditional transgenic reporter gene based assays (Gleason et al., 2006; Herman et al., 1995; Kennerdell et al., 2009; Pan et al., 2006; Song et al., 2010; Whangbo and Kenyon, 1999) and a novel single molecule mRNA fluorescent in situ hybridization (smFISH) approach Raj et al., 2008) . The advantage of smFISH is that it measures endogenous gene expression with single mRNA resolution in vivo, providing both spatial and quantitative information on gene expression (see Single molecule fluorescent in situ hybridization (smFISH) of C. elegans worms and embryos; Raj et al., 2008) . The general picture that emerges from these studies is that during early larval development the five Wnt genes are predominantly expressed in the posterior body region in a series of partially overlapping expression domains (Figure 2 ). Going from posterior to anterior at the L1 larval stage, the Wnt gene expressed in the most posterior domain is lin-44, with prominent expression in the tail hypodermal cells hyp8, hyp9, hyp10 and hyp11 Herman et al., 1995) . In addition, lin-44 mRNA is present in the rectal epithelial cells B and Y, showing that lin-44 has a more anterior expression domain than has been observed with reporter transgenes. At later larval stages, lin-44 is also expressed in the phasmid socket cells PHso1 and PHso2 and in the anchor cell (Herman et al., 1995; Inoue et al., 2004) .
Moving anteriorly, the next posterior Wnt gene is egl-20, with expression in the rectal epithelial cells K, F, U and B, the anal depressor muscle, and P11/12 (Pan et al., 2006; Whangbo and Kenyon, 1999) . In addition, egl-20 mRNA is detected in the posterior ventral body wall muscle quadrants VL23 and VR24, and the rectal epithelial cell Y .
The third Wnt expression domain is occupied by cwn-1, with expression in posterior body wall muscle cells as well as the M cell descendants that give rise to body wall muscle cells and the vulva and uterine muscle cells (Gleason et al., 2006; Pan et al., 2006) . In addition, several cells co-express cwn-1 and egl-20, including the anal depressor muscle, the body wall muscle quadrants VL23 and VR24, and P11/12. Interestingly, the Wnt signaling in C. elegans two lateral canal associated neurons (CANs) simultaneously activate cwn-1 expression during late L1, an expression that persists throughout larval development.
At the anterior end of the spectrum is the expression domain of cwn-2. Although an initial study using reporter fusions suggested that cwn-2 is expressed along the entire length of the animal in body wall muscle cells and ventral nerve cord neurons (Gleason et al., 2006) , later studies suggested a more restricted expression in the pharynx, anterior muscle cells, and the intestine (Kennerdell et al., 2009; Song et al., 2010) . This result was confirmed by smFISH analysis, showing cwn-2 transcripts mainly in head neurons, anterior body wall muscle cells, anterior P.n cells and the intestine. The highest cwn-2 transcript count was observed around the terminal bulb of the pharynx, with a gradual decline in expression levels in more posterior cells. The mostly anterior expression of cwn-2 and posterior expression of cwn-1 was already observed at the 100 cell stage of embryonic development .
The fifth Wnt gene, mom-2, was previously reported to be widely expressed along the anteroposterior axis, with expression in body wall muscle cells, ventral cord neurons, intestinal cells, and seam cells (Gleason et al., 2006) . Analysis of mom-2 mRNA localization revealed that mom-2 shows a more restricted expression pattern, with mom-2 transcripts localizing to the germ cell precursors Z2 and Z3 and their descendants, and a few unidentified cells in the tail. The expression of mom-2 in the germ cells continues throughout larval development, while the tail expression reaches a maximum at the mid L1 stage and disappears before the L1 to L2 molt . At the L3 stage, mom-2 is also expressed in the anchor cell (Inoue et al., 2004) . Consistent with the early embryonic function of mom-2 (Rocheleau et al., 1997; Thorpe et al., 1997) , mom-2 transcripts are already present in the zygote. At the 4-cell stage, mom-2 transcripts are enriched in the P2 blastomere. During later stages of embryonic development, mom-2 transcripts are restricted to the posterior, with expression remaining in the tail and the Z2 and Z3 germ line precursors in comma stage embryos.
It has been well established in Drosophila and vertebrates that Wnts can act as morphogens, forming long-range concentration gradients that provide positional information to cells in developing tissues (Cadigan and Nusse, 1997) . By expressing a tagged version of EGL-20, it has been shown that EGL-20 forms a concentration gradient in L1 larvae that ranges from the expressing cells in the tail to the mid-body region (Coudreuse et al., 2006) . This is in agreement with the different functions of EGL-20 in the posterior body region, including its role as a repulsive guidance cue in HSN migration (Pan et al., 2006) . Whether the other Wnts also form long-range concentration gradients remains to be established.
The activity of Wnt proteins is modulated by secreted Wnt inhibitory proteins such as Dickkopf (Dkk) (Glinka et al., 1998), Wnt inhibitory factor (WIF) (Hsieh et al., 1999) , and members of the secreted Frizzled related proteins (SFRPs), an ancient family of Wnt regulators that are present in organism ranging from sponges to vertebrates (Bovolenta et al., 2008) . Although orthologs of Dkk and WIF appear to be absent, the C. elegans genome does contain a single SFRP ortholog encoded by the gene sfrp-1 (Table 1) . sfrp-1 is expressed in the four head muscle quadrants (Figure 2 ), an anterior specific expression that is already present at the 100-cell stage of embryonic development. The anterior expression of sfrp-1 indicates that SFRP-1 counteracts the more posteriorly expressed Wnts. Indeed, it was shown that SFRP-1 functions as a general inhibitor of Wnt signaling that represses the activity of CWN-2 and CWN-1 in the anterior body region to control the migration of the QR descendants and the CAN and ALM neurons .
The expression of the different Wnt genes in a series of partially overlapping domains along the anteroposterior body axis is remarkably similar to the staggered expression of Wnt genes in cnidarians and planarians (Kusserow et al., 2005; Petersen and Reddien, 2008) . It has been proposed that this staggered expression provides an ancestral mechanism for providing positional identity along the primary body axis (Guder et al., 2006; Martin and Kimelman, 2009 ) and an interesting possibility is that such a Wnt code is also important in providing positional information during C. elegans development. In addition, the anterior expression of the Wnt inhibitor SFRP-1 and the mostly posterior expression of the different Wnt genes is similar to the expression of Wnts and Wnt inhibitors in cnidarians, planarians and vertebrates (Petersen and Reddien, 2009) , consistent with the notion that opposing expression of Wnts and Wnt inhibitors is an important evolutionarily conserved mechanism in primary body axis specification.
Mechanism of Wnt secretion
Wnts are lipid modified glycoproteins that require a specialized secretory pathway to be released from producing cells (Figure 3 ). Wnt proteins are acylated at a serine residue (S209 in mouse Wnt3a) that is conserved in Wnt signaling in C. elegans most Wnt proteins (Takada et al., 2006; Willert et al., 2003) , including the five C. elegans Wnts. The lipid modification is mediated by the ER-localized acyl-transferase Porcupine (Takada et al., 2006) . In C. elegans, mutation of the Porcupine ortholog mom-1 induces a defect in the MOM-2/Wnt dependent induction of endoderm fate (Rocheleau et al., 1997; Thorpe et al., 1997) , indicating that mom-1 is also essential for Wnt signaling in C. elegans. A function of MOM-1 in lipid modification of Wnt has however not been demonstrated biochemically. Once Wnt is lipid-modified and glycosylated, it is transported from the ER to the Golgi network through a p24-dependent trafficking mechanism (Buechling et al., 2011; Port et al., 2011) . Here, it meets the Wnt binding protein Wntless (Wls), which transports Wnt from the Golgi to the cell surface for release (Lorenowicz and Korswagen, 2009; Port and Basler, 2010) . Null mutants of the C. elegans Wls ortholog MIG-14 (also known as MOM-3) show a similar phenotype as mom-2/Wnt mutants: a defect in endoderm induction and in the orientation of the mitotic spindle of the ABar blastomere (Banziger et al., 2006; Thorpe et al., 1997) . In addition, weaker alleles and maternally rescued mig-14 null mutants show a wide range of other Wnt related phenotypes-including defects in asymmetric cell divisions, vulva induction, and neuroblast migration (Eisenmann and Kim, 2000; Harris et al., 1996; Whangbo et al., 2000) -indicating that MIG-14 is essential for Wnt secretion in C. elegans as well.
Current models suggest that once the Wnt protein is released, MIG-14/Wls is recycled back to the Golgi to take part in new rounds of Wnt secretion (Lorenowicz and Port and Basler, 2010) . The first step in this retrieval pathway is endocytosis from the plasma membrane through AP2 adaptor complex-dependent endocytosis (Pan et al., 2008; . Next, MIG-14 is retrieved from the endolysosomal system and transported to the trans-Golgi network (TGN) by a retromer-dependent trafficking pathway. The retromer binds Wls through a cargo-selective subcomplex that consists of the subunits VPS-26, VPS-29 and VPS-35 (Belenkaya et al., 2008; Port et al., 2008) . In null mutants of the cargo-selective subunits, internalized MIG-14 is degraded in the lysosomal system (Pan et al., 2008; . As a result, less MIG-14 is available in the Golgi to mediate Wnt secretion, leading to a range of Wnt-related phenotypes (Coudreuse et al., 2006; Prasad and Clark, 2006) .
The retromer has an evolutionarily conserved function in endosome to TGN transport of lysosomal sorting receptors such as Vps10p in yeast and the cation-independent mannose 6-phosphate receptor in mammalian cells (Cullen and Korswagen, 2012) . The cargo-selective subcomplex of the retromer associates with heterodimers of the sorting nexins SNX1/2 and SNX5/6 to mediate the membrane remodeling that is necessary to sort these cargo proteins into specific tubular transport carriers (Cullen and . Interestingly, the endosome to TGN transport of MIG-14 is independent of the C. elegans SNX1/2 and SNX5/6 orthologs snx-1 and snx-6 . Instead, MIG-14 retrieval is dependent on the unrelated sorting nexin SNX-3, which sorts MIG-14/Wls Wnt signaling in C. elegans into vesicular transport carriers that are morphologically distinct from the tubular carriers that are formed by the classical retromer complex. SNX-3 is recruited to endosomal membranes through a phosphatidylinositol 3-monophosphate (PI3P)-binding PX domain. This endosomal association is regulated by the myotubularin lipid phosphatases MTM-6 and MTM-9, and MIG-14 retrieval is strongly disrupted in their absence (Silhankova et al., 2010) . Why MIG-14/Wls retrieval is mediated through a specialized retromer pathway remains to be established.
The canonical Wnt/BAR-1 pathway
The Wnt/BAR-1 pathway is primarily required during larval development, with functions in Q neuroblast migration, vulva development, P12 fate specification, and the generation of seam cell-derived structures such as the postdeirid and male rays (see the WormBook chapter Wnt signaling; . The main targets of the Wnt/BAR-1 pathway appear to be the Hox genes lin-39, mab-5, and egl-5.
Migration of the Q neuroblast descendants
At the end of embryogenesis, two Q neuroblasts are generated at equivalent positions on the left and right lateral sides of the animal (Figure 4 ). Both Q cells produce an identical set of descendants, but the migration of these descendants is in opposite directions: on the left side the QL descendants (QL.d) migrate towards the posterior, while on the right side the QR.d migrate towards the anterior (Sulston and Horvitz, 1977) . The difference in migration direction is specified by EGL-20/Wnt signaling (Harris et al., 1996; . Through a mechanism that appears to involve a difference in response threshold to EGL-20 , canonical Wnt/BAR-1 signaling and expression of the target gene mab-5/Hox is only activated in QL. As a consequence, the QL.d migrate towards the posterior, while the QR.d migrate in the default anterior direction. Mutations that disrupt Wnt/BAR-1 signaling, such as mutations in mig-14/Wls (Harris et al., 1996 ), vps-35/retromer (Coudreuse et al., 2006 , snx-3/sorting nexin ), egl-20/Wnt (Maloof et al., 1999 , lin-17/Fz, mig-1/Fz (Harris et al., 1996) , mig-5/Dsh (Walston et al., 2006) , bar-1/β-catenin Korswagen et al., 2000) , and pop-1/Tcf (Herman, 2001; Korswagen et al., 2000) , disrupt mab-5 expression in QL, resulting in anterior migration of the QL.d. Conversely, constitutive activation of the pathway through mutation of pry-1/Axin, overexpression of egl-20/Wnt, or a constitutively active N-terminally truncated bar-1/β-catenin, induces ectopic expression of mab-5 in QR and posterior migration of the QR.d Whangbo and Kenyon, 1999) . 
Vulva development
The vulva develops from six vulva precursor (VPCs) cells that are located at the ventral midline (see Vulval development). The VPCs respond to an inductive LIN-3/EGF signal from the somatic gonad to generate the cells that form the vulva opening. Wnt signaling has a permissive role in maintaining VPC competence and preventing fusion of the VPCs with the surrounding hypodermal syncytium Gleason et al., 2002; Gleason et al., 2006; Myers and Greenwald, 2007) . The main Wnt ligands involved are CWN-1 and EGL-20, which signal through a canonical Wnt/BAR-1 pathway to induce expression of the Hox gene lin-39 (Gleason et al., 2002; Gleason et al., 2006; Myers and Greenwald, 2007) . Overactivation of the pathway through mutation of pry-1/Axin or overexpression of constitutively active N-terminally truncated bar-1/β-catenin leads to an overinduced phenotype in which multiple VPCs adopt a vulval fate (Gleason et al., 2002) . At a later stage in vulva morphogenesis, BAR-1 signaling in the P7.p descendants is modulated by the Ryk ortholog LIN-18 (Inoue et al., 2004 ).
Other functions of Wnt/BAR-1 signaling
The Wnt/BAR-1 pathway also controls specification of the posterior hypodermal cell P12 (Jiang and Sternberg, 1998) and the formation of rays from seam cells in the male tail (Zhang and Emmons, 2000) . Furthermore, BAR-1 dependent Wnt signaling is repressed in the V5 seam cell lineage to allow postdeirid formation (Hunter et al., 1999) . In each of these cases, Wnt/BAR-1 signaling controls the expression Hox genes.
6. Wnt/β-catenin asymmetry pathway
Asymmetric localization of Wnt signaling components during cell division
A divergent canonical Wnt signaling pathway called the Wnt/β-catenin asymmetry pathway controls a number of asymmetric cell divisions of somatic cells that occur along the anterior-posterior axis (Mizumoto and Sawa, 2007) . For example, the EMS blastomere in the embryo and T cell in the larva receive Wnt signals from their posterior neighbors: the EMS blastomere receives MOM-2 from the P2 blastomere (Rocheleau et al., 1997; Thorpe et al., 1997) , and the T cell receives LIN-44 from the hyp10/11 cells (Herman et al., 1995) (Figure 5 ). Each of these signals causes polarization of the cells and asymmetry in the fates of their daughters. In the EMS division, the MS daughters have a mesodermal fate, and the E daughters have an endodermal fate; in the T cell division, the T.a daughters have a hypodermal fate, and the T.p daughters a neural fate. Abnormalities in this pathway cause the loss of asymmetry or the reversal of the daughters' cell fates.
Wnt signaling in C. elegans Although this pathway involves components of the canonical Wnt pathway, including two β-catenins (WRM-1 and SYS-1), it is categorized as a divergent canonical pathway because of its unique regulation, which involves the asymmetric localizations of signaling components rather than the stabilization of β-catenin ( Figure 6 ). During cell division, Frizzled (Fz) proteins (MOM-5 in embryonic cells and LIN-17 in the T cell) (Goldstein et al., 2006; Park et al., 2004) and Dishevelled (DSH) proteins (DSH-2 and MIG-5 in EMS, T, and seam cells) (Mizumoto and Sawa, 2007; Walston et al., 2004) localize to the posterior cortex, while WRM-1/β-catenin, APR-1/APC, PRY-1/Axin, and LIT-1/NLK kinase localize to the anterior cortex (Nakamura et al., 2005; . At telophase, two β-catenins, WRM-1 and SYS-1, as well as LIT-1 start to localize preferentially to the posterior nucleus (Huang et al., 2007; Lo et al., 2004; Nakamura et al., 2005; Phillips et al., 2007; , while POP-1/TCF is predominantly in the anterior nucleus (POP-1 asymmetry) (Lin et al., 1998; Lin et al., 1995) . In addition to the EMS and T cell divisions, asymmetric localizations, particularly at the nucleus, occur during cell divisions in many different lineages during embryonic and postembryonic stages. Furthermore, some of the components, especially LIT-1 and POP-1, are required in most asymmetric cell divisions in C. elegans to correctly specify the fates of the progeny (Kaletta et al., 1997; Lin et al., 1998) . Therefore, similar mechanisms are thought to operate in most somatic cell divisions that generate different daughter cells. 
Roles of Wnt proteins in polarity orientation
The polarity of the EMS blastomere is lost in mom-2/Wnt mutants, resulting in symmetric POP-1 localization and the loss of the endoderm fate (Rocheleau et al., 1997; Thorpe et al., 1997) . On the other hand, other cells in Wnt mutants often show polarity reversal, rather than polarity loss. In the AB lineage in embryos, after the fourth division, POP-1 becomes asymmetrically localized (POP-1 asymmetry) so that it is higher in the anterior daughter nuclei, and this asymmetry is often reversed in mom-2 mutants (Park and Priess, 2003; Park et al., 2004) . During postembryonic development, the polarity of the T and V5 cells is frequently reversed in lin-44/Wnt and egl-20/Wnt mutants, respectively (Herman et al., 1995; Whangbo et al., 2000) . Furthermore, the polarity of other seam cells (V1-V4 and V6) is controlled redundantly by multiple Wnt genes (lin-44, cwn-1, cwn-2 and egl-20) (Yamamoto et al., 2011) . Therefore, Wnts have important functions in determining polarity orientation.
At least for some cells, Wnts can instruct the polarity orientation by functioning as positional cues. The MOM-2, LIN-44, and EGL-20 Wnts instructively determine the polarity orientation for the EMS, T and P7.p cells, respectively, when these Wnts are expressed close to the target cells (Goldstein et al., 2006; Green et al., 2008) . In the P7.p VPC case, EGL-20 and MOM-2+LIN-44 that are expressed anteriorly (near the anus) and posteriorly (in the anchor cell) to the cell, respectively, promote its polarity in the opposite orientations, suggesting that LIN-44+MOM-2 antagonize global polarity oriented by EGL-20 (see Morphogenesis of the vulva and the vulval-uterine connection). Recent genetic analyses have suggested that Wnts can also control cell polarity from a distance. For example, CWN-1 and CWN-2 are respectively expressed posteriorly and anteriorly with regard to the seam cells (V1-V4) (see Section 2) and control the seam cells' polarity orientation. Interestingly, however, these Wnts can rescue the polarity phenotype, even when they are expressed on the opposite side (anteriorly for CWN-2 and posteriorly for CWN-1) (Yamamoto et al., 2011) , suggesting a permissive rather than an instructive role in seam cell orientation. It is not yet clear how each Wnt controls the polarity orientation from a distance.
In addition to Wnts, mutants of some Wnt receptors cause polarity reversal with some frequency, consistent with the notion that they mediate functions of Wnts. For example, the polarity of the V1 seam cell is reversed in cam-1/Ror (a non-Fz type Wnt receptor with a tyrosine kinase domain) or mom-5/Fz mutants (Forrester et al., 1999; Yamamoto et al., 2011) . The T cell polarity can be reversed in lin-17/Fz mutants, although loss of polarity is a more frequent outcome (Goldstein et al., 2006) .
In addition, Wnt receptors are essential for cell polarization itself, since the polarity of embryonic cells and postembryonic seam cells is lost in mom-5 single and lin-17 mom-5; cam-1 triple mutants, respectively. Since no such phenotype is observed in mom-2 embryos (Lin et al., 1998; Park and Priess, 2003) or in seam cells with mutations in all five Wnt genes (quintuple Wnt mutants) (Yamamoto et al., 2011) , Wnt receptors might have some Wnt-independent roles in cell polarization.
Although Wnts are involved in many asymmetric divisions, those of the SGPs (somatic gonadal precursors; Z1 and Z4 cells) ( Figure 5B ) appear to be Wnt independent, since their polarity is not affected in quintuple Wnt mutants (Yamamoto et al., 2011) . The polarities of Z1 and Z4 are mirror symmetric, so that their proximal daughters have the higher levels of POP-1. Although this proximal-distal polarity of POP-1 is not affected in quintuple Wnt mutants, it is disrupted in animals whose germ cells that normally reside between Z1 and Z4 have been ablated. Therefore, SGP polarity is probably regulated by non-Wnt signals from germ cells, although possible functions of mom-2 expressed in germ cells were not eliminated, since a temperature-sensitive mom-2 mutation was used for quintuple Wnt mutants.
In addition to the orientation of POP-1 asymmetry, Wnts are also required for proper spindle orientation (Bischoff and Schnabel, 2006; Schlesinger et al., 1999; Walston and Hardin, 2006; Wildwater et al., 2011) . In the EMS division, MOM-2 orients the spindle by a mechanism involving MOM-5/Fz and DSH proteins. Although the inhibition of GSK-3 kinase causes spindle-orientation defects in EMS (Schlesinger et al., 1999) , the role of GSK-3 remains obscure. GSK-3 regulates OMA-1 (CCCH-type zinc finger protein) degradation in the oocyte-to-embryo transition, and the EMS spindle defects in gsk-3 mutants can be rescued by reducing the OMA-1 level, suggesting that the EMS defect may be an indirect consequence of earlier events (Shirayama et al., 2006) . EMS spindle regulation also requires MES-1-SRC-1 signaling, which also functions in the spindle orientation of the P2 cell (Arata et al., 2010; Bei et al., 2002; Berkowitz and Strome, 2000) . MES-1 is a transmembrane protein that probably functions in both P2 and EMS through its homophilic interactions. In contrast, SRC-1 kinase functions cell autonomously in the EMS blastomere. MES-1-SRC-1 signaling also regulates POP-1 asymmetry redundantly with Wnt signaling. It is not known, however, how the MES-1-SRC-1 signaling converges with the Wnt pathway.
Establishment of cortical asymmetry
Wnts and Frizzleds are required for the proper cortical asymmetry of the DSH, WRM-1, LIT-1, and APR-1 proteins, at least in some cells (MOM-2 in the EMS, LIN-44 in the T, and EGL-20 in the V5 cell) (Mizumoto and Sawa, 2007; Nakamura et al., 2005; Sugioka et al., 2011; . Since DSHs interact with Fz receptors in other organisms (Wong et al., 2003) and are localized to the posterior cell cortex along with Fz receptors (Mizumoto and Sawa, 2007; Walston et al., 2004) , DSHs are likely to be recruited to the posterior cortex by activated Fz receptors and to regulate the localization of anterior components (e.g., WRM-1, APR-1) to the opposite (anterior) cortex (Movie1). However, the requirement for DSHs in the cortical localizations of other components has not been demonstrated in the T or seam cells, probably due to redundancy among the three DSHs (DSH-1, DSH-2, and MIG-5).
Movie 1. An animated model of asymmetric cell division (see html version of this chapter to view animation).
Wnts binds to Fz on the posterior side of cells and induce the accumulation of Fz and DSHs on the posterior cortex. Probably in response to the localization of DSHs, the WRM-1-LIT-1 complex localizes to the anterior cortex and recruits APR-1. At telophase of the division, the cortical APR-1 stabilizes the astral microtubules to create asymmetry in their numbers. The WRM-1-LIT-1 complex can be imported into both daughter nuclei, but its nuclear export is accelerated from the anterior nucleus by the astral microtubules, possibly through its kinesin-dependent transport along the microtubules toward the cell cortex. SYS-1 is destabilized in the anterior daughter cell and accumulates in the posterior nucleus. In the posterior nucleus, POP-1 binds either to SYS-1 or WRM-1. When it binds to WRM-1, it is phosphorylated by LIT-1, which induces its release from the WRM-1-LIT-1 complex and export out of the nucleus through the function of PAR-5 (not shown in the movie), which binds to phosphorylated POP-1. POP-1 that binds to SYS-1 cannot bind to WRM-1 and stays in the nucleus.
In SGPs and embryonic cells, DSH-2 is required for the nuclear asymmetry of POP-1, which is presumably regulated by the cortical asymmetries of WRM-1 and APR-1 (see below) (King et al., 2009; Phillips et al., 2007) . Among the components localized to the anterior cortex, WRM-1 appears to function most upstream, since it is required for the localization of APR-1 (Mizumoto and Sugioka et al., 2011) . However it remains a mystery how WRM-1 localizes to the cortex, since WRM-1/β-catenin does not bind to HMR-1/cadherin Natarajan et al., 2001 ).
Regulation of nuclear asymmetry
The nuclear asymmetry of WRM-1 is regulated by WRM-1 on the anterior cortex, since the forced uniform localization of WRM-1 throughout the cortex results in symmetric WRM-1 nuclear localization (Mizumoto and Sawa, 2007) . The effect of cortical WRM-1 is mediated by APR-1 and microtubules, at least in the division of EMS (Movie1) (Sugioka et al., 2011) . At telophase, APR-1 on the anterior cortex binds and stabilizes microtubules to create an asymmetry in the number of astral microtubules. Manipulating this spindle-microtubule asymmetry by laser irradiation showed that it is essential for the nuclear asymmetries of WRM-1 and POP-1. However, how the spindle asymmetry controls nuclear localizations remains to be elucidated.
After its entry into the nucleus, WRM-1 regulates POP-1 asymmetry (Movie1). WRM-1 binds to and activates LIT-1 kinase, which is also localized to the posterior nucleus (Lo et al., 2004) . The activated LIT-1-WRM-1 complex phosphorylates POP-1 through a direct interaction between WRM-1 and POP-1 (Yang et al., 2011) . The phosphorylated POP-1 is released from the LIT-1-WRM-1 complex and binds to PAR-5/14-3-3, which mediates the nuclear export of POP-1 from the posterior nucleus, resulting in POP-1 asymmetry (higher in the anterior daughter) that is reciprocal to the nuclear asymmetry of WRM-1 and LIT-1 (higher in the posterior daughter).
Another β-catenin-like protein, SYS-1, also localizes asymmetrically to the nucleus of the posterior daughter in the EMS division and to that of the distal daughters in the SGP divisions, as does WRM-1 (Huang et al., 2007; Phillips et al., 2007) . This asymmetry was shown to require Wnt (in the EMS), Frizzled (in both), DSH-2 (in SGPs), and APR-1 (in the EMS), but not WRM-1 or LIT-1. Since the cortical localization of APR-1 is regulated by WRM-1, cytoplasmic rather than cortical APR-1 is likely to regulate SYS-1 asymmetry. Interestingly, in the SGPs, SYS-1 is symmetric during division, but is lost in the proximal daughters after division, suggesting that it is degraded (Phillips et al., 2007) . Consistently, SYS-1 asymmetry in the EMS division is disrupted by the inhibition of proteasome components (Huang et al., 2007) . These observations raise the interesting possibility that SYS-1 is regulated at the level of protein stability (Movie1), as is β-catenin in other organisms, even though SYS-1 (like WRM-1) does not have the conserved phosphorylation sites for GSK-3β kinase that are required for the degradation of β-catenin in other organisms. In any case, the asymmetric nuclear localizations of two β-catenin homologs, WRM-1 and SYS-1, are regulated through distinct mechanisms.
Asymmetric fate specification
SYS-1 has no significant sequence similarity to the β-catenin of other organisms. Nonetheless, it is considered one of the four homologs of β-catenin in C. elegans (SYS-1, WRM-1, BAR-1, and HMP-2). This is because SYS-1 can bind to POP-1/TCF to activate transcription in mammalian cells (Kidd et al., 2005) , while WRM-1 has only limited co-activator activity Natarajan et al., 2001) , and most-importantly, the crystal structure of SYS-1 resembles that of β-catenin (Liu et al., 2008) . Therefore, the Wnt/β-catenin asymmetry pathway controls the reciprocal asymmetry of the nuclear localizations of POP-1 and its co-activator SYS-1.
Given the phenotypes of sys-1 loss-of-function or overexpression mutants, asymmetric cell fates have been proposed to be determined by the balance between nuclear POP-1 and its co-activator SYS-1 (Kidd et al., 2005) . In the anterior daughters (distal daughters for SGPs), which have high POP-1 and low SYS-1, most POP-1 is not bound to SYS-1, and POP-1 functions as a transcriptional repressor. In contrast, in the posterior daughters (proximal daughters for SGPs), the high level of SYS-1 is more than sufficient to bind the low amount of POP-1, converting it to a transcriptional activator. This difference in the balance of these molecules thus results in the asymmetric expression of POP-1 target genes (described below) between the daughter cells, effectively converting the nuclear asymmetry of proteins to asymmetric fates in the daughter cells.
To elicit the functions of POP-1, additional transcription factors are also required. In EMS division, the histone deacetylase HDA-1 and UNC-37/Groucho function as co-repressors with POP-1 to block end-1 expression in the MS daughter, and CBP-1 is required for POP-1 to activate end-1 (Calvo et al., 2001) . In the T cell daughters, two chromatin-remodeling complexes, CeBAF and CePBAF, and the transcriptional Mediator complex regulate the asymmetric expression of psa-3 and/or tlp-1 Shibata et al., 2012; Yoda et al., 2005; Zhao et al., 2002) . It is not known, however, how widely these transcription factors function with POP-1 in other asymmetric divisions.
After the asymmetric divisions, POP-1 appears to regulate distinct target genes, depending on the cell type. After the EMS division, POP-1 directly represses and activates the expression of end-1 in the anterior MS and posterior E daughters, respectively (Maduro et al., 2002; Shetty et al., 2005) . In the distal daughter of SGP and the posterior daughter of the T cell, POP-1 respectively activates ceh-22 and psa-3 directly (Arata et al., 2006; Lam et al., 2006) . Cell-specific transcription factors or their combinations are proposed to regulate the specificity of the POP-1 targets (Bertrand and Hobert, 2009; Lin et al., 1998) . Indeed, in the T cell and a neuroblast (the SMDD/AIY mother), POP-1 cooperates with the cell-specific transcription factors NOB-1/Hox and TTX-3, respectively, to directly activate cell-specific target genes (Arata et al., 2006; Bertrand and Hobert, 2009 ).
It is not known, however, whether such cell-specific factors exist in all the cell types in which POP-1 functions. The involvement of chromatin modifiers and the histone-binding protein BET-1 in establishing and maintaining, respectively, the asymmetry of the T cell daughter fates suggests that epigenetic regulation might be involved in the cell-specific selection of POP-1 targets Shibata et al., 2010; Shibata et al., 2012 ).
Non-canonical Wnt signaling controls neuroblast migration along the anteroposterior axis
Wnt signaling controls the migration of the HSN, ALM, CAN and BDU neurons during embryogenesis and the migration of the QL and QR descendants during early larval development ( Figure 7 ) (Hedgecock et al., 1987; Sulston and Horvitz, 1977) . With the exception of QL descendant migration, signaling is mediated through β-catenin independent, non-canonical Wnt signaling mechanisms that are still poorly understood (Silhankova and Korswagen, 2007) . A general theme that emerges from the studies of these different neuronal migrations is that a combinatorial activity of multiple Wnts and Wnt receptors is required to guide the cells to their final positions. 
HSN migration: function of EGL-20 as a repulsive guidance cue
The HSN neurons migrate during embryogenesis from the tail to a well defined position just posterior to the developing gonad in the mid-body region (Hedgecock et al., 1987; Sulston and Horvitz, 1977) . HSN migration is dependent on EGL-20, but mutations in the four other Wnts significantly enhance the migration phenotype of egl-20 null mutants, indicating that they play a minor role as well (Pan et al., 2006; Zinovyeva et al., 2008) . In an elegant set of experiments, it has been shown that the posteriorly expressed EGL-20 acts as a repulsive cue that drives HSN migration towards the anterior (Pan et al., 2006) . Migration terminates when the HSN neuron reaches a position close to the CAN neuron (Forrester and Garriga, 1997) . The CAN cell expresses CAM-1, an ortholog of the non-canonical Wnt receptor Ror, and may block HSN migration by acting as a sink for EGL-20 (Forrester et al., 2004; Kim and Forrester, 2003; Pan et al., 2006) . The main Wnt receptor required for HSN migration is the Frizzled mig-1, but other Frizzled receptors appear to have a minor contribution as well. Interestingly, the mig-1 induced defect in HSN migration is suppressed by mutation of lin-17/Fz.
Migration of the QR descendants
The QR descendants migrate from a position close to the seam cell V4 in the mid body region to well defined positions in the anterior, where they differentiate into the neurons AQR, SDQR, and AVM (Hedgecock et al., 1987; Sulston and Horvitz, 1977) . In egl-20, cwn-1, and cwn-2 mutants, the QR descendants migrate less far, an undermigration that is most severe in egl-20; cwn-1 and cwn-1; cwn-2 double mutants and in mutants in which all five Wnt genes are disrupted (Harris et al., 1996; Zinovyeva et al., 2008) . At the level of Wnt receptors, there is clear undermigration in mom-5/Fz mutants, a phenotype that is strongly enhanced in mom-5; cfz-2 and mom-5; lin-17 double mutants or a quadruple mutant in which all Frizzled receptors are mutated (Zinovyeva et al., 2008) . The migration of the QR descendants also requires CAM-1, a function that at least partially depends on CAM-1 kinase activity (Kim and Forrester, 2003) .
Migration of the BDU neurons
The BDU neurons migrate a short distance towards the anterior during embryogenesis (Hedgecock et al., 1987; Sulston and Horvitz, 1977) . BDU migration requires the Wnts CWN-1 and CWN-2 and the Frizzleds MOM-5 and LIN-17 (Zinovyeva et al., 2008) . The BDU neurons migrate too far in mutants of cam-1/Ror (Forrester et al., 1999) .
Migration of the CAN neurons
The CAN neurons migrate during embryogenesis from a position in the head to a well defined position in the mid body (Hedgecock et al., 1987; Sulston and Horvitz, 1977) . The main Wnt required for CAN cell migration is CWN-2, with additional functions for CWN-1 and EGL-20 that become evident in double mutant combinations with cwn-2 (Zinovyeva and Zinovyeva et al., 2008) . The principle receptor is MOM-5/Fz, with a minor role for the Frizzled CFZ-2. The Ror ortholog CAM-1 is also required for CAN cell migration, a function that appears to be independent of its kinase activity (Forrester and Garriga, 1997; Kim and Forrester, 2003) .
Migration of the ALM neurons
The posterior migration of the ALM neurons (Hedgecock et al., 1987; Sulston and Horvitz, 1977) is dependent on the partially redundantly acting Wnts CWN-1 and CWN-2 and requires the receptor CFZ-2/Fz, with a possible antagonistic function of MOM-5/Fz and LIN-18/Ryk (Zinovyeva et al., 2008) .
Various effects of Wnt signaling on the development and function of the nervous system
In addition to the roles of Wnt signaling in the migration of neurons and neuroblasts described above, a number of reports describe the role of Wnt signaling in the development and function of the nervous system in C. elegans. Consistent with this, quintuple Wnt mutants are nearly paralyzed (H. Sawa, unpublished observation), suggesting that Wnt signaling plays a profound role in the nervous system. Interestingly, the effects of Wnt signaling vary depending on the neuronal type.
Function of Wnts in neurite growth
The anterior extension of the AVM and PVM processes is redundantly regulated by CWN-1 and EGL-20 (Pan et al., 2006) . In cwn-1; egl-20 double mutants, the AVM and PVM processes show a variety of defects, including premature termination, ectopic branching, and posterior extension ( Figure 8A for PVM). EGL-20 appears to function as a repellant for these processes, since its local expression in head neurons or its uniform expression using the heat-shock promoter causes misrouting of the processes, while its expression in the posterior region rescues the guidance defect in cwn-1; egl-20 double mutants. Wnt receptors MIG-1/Fz, MOM-5/Fz, and LIN-18/Derailed (only for PVM) are required for this regulation. Blue, green, and light blue lines represent axons, dendrites, and neurites, respectively. Arrowheads in G indicate a neurite eliminated during larval development. This process is accelerated in cwn-2 mutants. Purple and brown circles in H and I represent synapses and acetylcholine-gated ion channels, respectively. VNC stands for ventral nerve cord. Wnt expressions are roughly shown in yellow (See text for details). The effects of Wnts are instructive for neurons (magenta cell bodies) or permissive for neurons (orange cell bodies). Left and right panels represent wild type and Wnt mutants, respectively, except for G and H. In G, the left and right panels represent L1 and adult wild-type animals. In H, the left, middle, and right panels represent wild type, lin-44, and lin-44; egl-20 mutants, respectively. Panel I represents a much higher magnification compared to the other panels.
Similarly, LIN-44 functions as a repellant of axon growth (Maro et al., 2009) . A neural process of the GABAergic DD6 motoneuron on the dorsal side, which extends posteriorly, normally terminates at about the same anteroposterior position as is occupied by its ventral cell body ( Figure 8B, left) . In lin-44 mutants, the axon overextends posteriorly (Figure 8B, right) . In animals expressing lin-44 ectopically in the anterior region, the processes are under-extended. These data suggest that LIN-44 functions as a guidance cue that repels the axon.
In contrast to its repulsion of the DD6 axon, LIN-44 functions as a dendrite attractant for the oxygen-sensory neuron PQR, which is born during the L1 stage (Kirszenblat et al., 2011) . In mutants of LIN-44 or its receptor LIN-17/Fz, the posteriorly oriented dendrite of PQR is short, absent, or misrouted anteriorly ( Figure 8C ). Since the anterior expression of LIN-44 in lin-44 mutants enhances the anterior mis-routing phenotype, LIN-44 attracts the PQR dendrite. Surprisingly, ablation of all the LIN-44-expressing cells in the tail of newly hatched L1 larvae, before the production of PQR, does not affect the PQR dendrite, suggesting that the distribution of LIN-44 during embryogenesis persists and is sufficient to guide the PQR dendrite in larvae.
Similar to the attraction of the PQR dendrite by LIN-44, CWN-2 functions as an attractant for the posteriorly extending process of the GABAergic neurons RMED/V ( Figure 8D, left) (Song et al., 2010) . Most cwn-2 mutants lack this neural process ( Figure 8D, right) . CWN-2 is expressed strongly in the posterior pharyngeal bulb, and its ectopic expression anterior to the RMED/V cell bodies in cwn-2 mutants can cause anterior extension of the processes. CWN-2 acts through two redundant Fz receptors (MIG-1 and CFZ-2) and CAM-1/Ror. The signal is transmitted through DSH-1, which binds directly to CAM-1, at least in the yeast two-hybrid assay.
CWN-2 also controls the position of the nerve ring, a sensory axon bundle (Kennerdell et al., 2009 ). In cwn-2 mutants, the nerve ring and the cell bodies of its surrounding neurons shift anteriorly ( Figure 8E ). Although CWN-2 is expressed strongly in the posterior pharyngeal bulb, an ideal position for it to repel the nerve-ring axons, CWN-2 actually functions as a permissive signal, since its ectopic expression anterior to the nerve ring can rescue the nerve ring defect of cwn-2 mutants. As in RMED/V, CAM-1 and MIG-1 function as receptors of CWN-2 for the nerve-ring positioning. Since CAM-1 is required in the SIA and SIB neurons, whose ablation causes nerve-ring defects, CWN-2 may directly affect the axons of these neurons, which in turn instruct the positioning of the nerve ring.
Regulation of neuronal polarity by Wnts
The PLM neuron has a long anteriorly extending axon and a short posteriorly extending dendrite ( Figure 8F , left). This polarity is reversed in lin-17 or lin-44-mutants, in which it has a short anterior dendrite and a posteriorly extending axon ( Figure 8F , right) (Hilliard and Bargmann, 2006; Prasad and Clark, 2006) . LIN-44 is a permissive signal, since its anterior or uniform expression can rescue the phenotype. LIN-17 is localized to the posteriorly extending dendrite in a lin-44-dependent manner. Similarly, ALM's polarity is redundantly regulated by CWN-1, CWN-2, and EGL-20. In contrast to PLM, a strong uniform expression of EGL-20 in wild-type causes an ALM polarity defect, indicating that EGL-20 might function as a positional cue.
Wnts inhibit neurite elimination
The medially projected neurite of AIM (Arrowheads in Figure 8G ) is eliminated in about 90% of wild-type animals during larval development. This process is accelerated and enhanced in cam Gogh (a putative component of the PCP pathway) mutants, indicating that the Wnt signals inhibit neurite elimination (Hayashi et al., 2009) . CWN-1 and CWN-2 function redundantly, probably as permissive signals, since their expression in all neurons or pharyngeal muscle rescues the mutant phenotype.
Wnts regulate synaptic positions
In contrast to the cases described above, in the DA9 motoneuron, Wnts regulate the positions of synapses without affecting the axon or dendrite morphology (Klassen and Shen, 2007) . The presynaptic positions of DA9 are restricted to a specific segment through the functions of LIN-44 and EGL-20. In lin-44 mutants, the synaptic domain is expanded posteriorly ( Figure 8H ). Although an egl-20 mutation by itself has only a subtle effect, in egl-20 lin-44 double mutants, the synaptic domain is further expanded to the commissure. The ectopic expression of LIN-44 causes the elimination of nearby synapses, suggesting that LIN-44 instructively inhibits presynaptic assembly. LIN-44 acts through the LIN-17 receptor, at least in part by regulating its localization to the posterior asynaptic domain. DSH-1 functions downstream of LIN-17 to inhibit synapse formation.
Wnt signaling regulates synaptic plasticity
In addition to regulating the development of the nervous system, Wnt signaling also modulates the function of the nervous system by regulating the translocation of a post-synaptic acetylcholine receptor (AChR) in the body wall muscles ( Figure 8I ). In mutants of cwn-2, cam accumulates in the subsynaptic region of muscle arms, while its localization to the postsynaptic surface is reduced (Jensen et al., 2012) . This results in reduced acetylcholine-gated current and locomotion defects. The expression of CWN-2 in neurons or muscle rescues the behavioral defects of cwn-2 mutants, while a tissue-specific RNAi of cwn-2 in neurons but not in muscle causes the defects and the aberrant localization of ACR-16. In contrast, LIN-17 and DSH-1 are required in muscle but not in neurons. When CWN-2::GFP is expressed in motoneurons, the GFP fluorescence is decreased upon depolarization of the neurons in a mig-14/Wntless-dependent manner. These results suggest that neuronal activation leads to the secretion of CWN-2 from motor neurons, which then increases the acetylcholine-gated current by mediating the translocation of ACR-16 to the post-synaptic surface of the muscle arms.
Summary and perspective
Wnt signaling regulates diverse biological processes, including cell differentiation, migration, asymmetric cell division, and neural development. Currently, how such diverse responses are produced is not clear. Even a single Wnt acts differently depending on the cell type. For example, EGL-20 activates the canonical pathway in QL.d migration, the non-canonical pathway in QR.d migration and the Wnt/β-catenin asymmetry pathway in seam cells. The difference in signaling response may be determined by the collection of Wnt receptors that a cell expresses. In mammalian cells, for example, expression of the Wnt co-receptor LRP5/6 leads to activation of canonical Wnt/β-catenin signaling (Angers and Moon, 2009). Interestingly, it appears that C. elegans does not have a clear LRP5/6 ortholog, raising the question of how signaling specificity is achieved. An important direction for future research will be to determine how Wnts and their Frizzled, CAM-1/Ror and LIN-18/Ryk receptors activate such a wide range of signaling responses.
